F or zygosity diagnosis in the absence of genotypic data, or in the recruitment phase of a twin study where only single twins from same-sex pairs are being screened, or to provide a test for sample duplication leading to the false identification of a dizygotic pair as monozygotic, the appropriate analysis of respondents' answers to questions about zygosity is critical. Using data from a young adult Australian twin cohort (N = 2094 complete pairs and 519 singleton twins from same-sex pairs with complete responses to all zygosity items), we show that application of latent class analysis (LCA), fitting a 2-class model, yields results that show good concordance with traditional methods of z ygosity diagnosis, but with certa in important advantages. These include the ability, in many cases, to assign zygosity with specified probability on the basis of responses of a single informant (advantageous when one zygosity type is being oversampled); and the ability to quantify the probability of misassignment of zygosity, allowing prioritization of cases for genotyping as well as identification of cases of probable laboratory error. Out of 242 twins (from 121 likesex pairs) where genotypic data were available for zygosity confirmation, only a single case was identified of incorrect zygosity assignment by the latent class algorithm. Zygosity assignment for that single case was identified by the LCA as uncertain (probability of being a monozygotic twin only 76%), and the co-twin's responses clearly identified the pair as dizygotic (probability of being dizygotic 100%). In the absence of genotypic data, or as a safeguard against sample duplication, application of LCA for zygosity assignment or confirmation is strongly recommended.
Historically, early twin studies relied upon questionnairebased assessment of twin pair zygosity, using questions about physical similarity and confusion in childhood, with typing of genetic markers in a subset of pairs establishing a high level of validity of such questionnaire assessments (e.g., Cederlof et al., 1961; Hauge et al., 1989; Kasriel & Eaves, 1976; Magnus et al., 1983; Nichols & Bilbro, 1966; Sarna et al., 1978) . Typically, discriminant function or logistic regression analyses have been used in such studies to establish the accuracy of classification. While most such methods have relied upon combining information from both twins from a pair, even answers from a single twin were found to yield a misclassification rate below 5% (Magnus et al., 1983) . Because of the high accuracy and low costs of questionnaire-based assessment of zygosity, and the far from negligible laboratory error rate associated with processing of samples for genotyping (e.g., accidental sample duplication leading to the misclassification of a DZ pair as monozygotic), accurate zygosity assessment by questionnaire remains an important component of contemporary twin studies.
Latent class analysis (LCA; e.g., McCutcheon, 1987; Eaves et al., 1993) provides an alternative statistical framework for the analysis of zygosity questionnaire items and derivation of predicted zygosity types. LCA may be viewed as a categorical variant of factor analysis, in that it assumes the existence of discrete mutually exclusive categories or "classes" (e.g., monozygotic versus dizygotic twins), rather than the continuously distributed latent variables assumed in a factor model. It is further assumed that within classes, item response probabilities are statistically independent, so that it is the existence of discrete classes which explains the clustering of responses to a set of items. Input data are the observed response profiles to the set of items. Parameters of a latent class model are class-specific item endorsement probabilities (e.g., the probabilities of endorsing particular zygosity questionnaire items for those assigned to MZ versus DZ classes), and class prevalence estimates. Of partic ul ar importance, LCA doe s not require a priori assignment of individuals as monozygotic or dizygotic. Rather, from the estimates of model parameters predicted probabilities of membership in each estimated class (e.g., of being monozygotic versus dizygotic) may be derived. Latent class analysis thus provides a natural framework for classifying twin pairs when genotypic data are unavailable (or need to be scanned for potential laboratory errors) and for quantifying the certainty or uncertainty of the zygosity classification of a twin pair. 
Methods

Sample
Respondents were 2094 like-sex twin pairs from a young adult Australian twin cohort, and 519 singleton twins from like-sex pairs whose co-twin did not respond. This sample (including excluded unlike-sex pairs) are referred to as the Australian "1989 cohort" (because they were first surveyed as adults by mailed questionnaire in 1989: Heath et al., 2001) . Twins were born [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] . Eight cases with missing data for one or more zygosity items were deleted from analyses presented here and excluded from the reported sample sizes for thi s paper. The sample is described in greater detail elsewhere (Heath et al., 2001; Nelson et al., 2002) . Although a volun teer cohort, recruited through appeals to their paren ts through Australian school systems and through media appeals, when the twins were children (1980) (1981) (1982) , respondents were drawn from a broad range of socioeconomic levels (Heath et al., 2001 ). Unlike-sex pairs were of course excluded from these analyses. Genotypic data were available for a subsample of 121 pairs (58 MZ, 63 DZ same-sex).
Assessment
Standard questions for zygosity diagnosis were used (Cederlof et al., 1961; Nichols & Bilbro, 1966; Magnus et al., 1983) . Questions covering (a) how often parents had difficulty telling the respondent and his or her co-twin apart, (b) how often teachers had difficulty telling them apart, and (c) how often strangers had difficulty telling them apart, were referenced to the period when the twins were 6-13 years old, and were answered using a 6-point scale:
(1) always, (2) usually, (3) sometimes, (4) rarely, (5) never, (6) don't know. Questions concerning physical similarity addressed whether the twins had the same eye color, same natural hair color, and same complexion. The standard question about "peas in a pod" was worded as "When you and your twin were children, were you as alike as "two peas in a pod", or only of normal family likeness -that is, no more alike physically than ordinary sisters or brothers". Finally, respondents were asked for their own assessment of their zygosity: "In your opinion, are you and your twin … (1) definitely identical, (2) probably identical, (3) probably fraternal or (4) definitely fraternal, with an additional response option of "Not Sure" used if the respondent volunteered this response. Questions were embedded in a telephone interview (Nelson et al., 2002) .
Genotyping
Of the 121 like-sex twin pairs with zygosity confirmed via DNA, 116 pairs were confirmed using genotypes from genome scan data, 2 pairs were confirmed using genotypes from candidate gene data, and 3 pairs were confirmed using genotypes from the AmpFlSTR-Profiler-PlusÔ zygosity determination system (Applied Biosystems). Briefly, genome-scan and candidate-gene genotypes obtained by gel electrophoresis after PCR amplification were analysed using the graphical representation of relationship errors (GRR) program (Abecasis et al., 2001) . GRR calculates the mean and variance of identical-by-state (IBS) allele sharing over a number of polymorphic loci for each twin pair. MZ and DZ twin pairs are determined due to their characteristic pattern of allele sharing; that is, MZ twin pairs have higher sharing on average (IBS@ 1) and lower variance compared to DZ twin pairs (IBS @ 0.5). Twin pairs with identical (9/9) AmpFlSTR-Profiler-PlusÔ genotypes indicate monozygosity, while different genotypes indicate dizygosity.
Analyses
Item endorsement probabities were computed for the entire sample of same-sex twin respondents. Using data from complete pairs, twin pair concordances for item responses were also computed, using the weighted kappa statistic. A 2-class latent class model was then fitted to the 615 unique response profiles obtained for the 8 zygosity questions, using the Latent Class Analysis (LCA) program LCAP, which uses EM estimation of latent class parameters (class membership probabilities, and class-specific item endorsement probabilities) (see Neuman et al., 1999 , for further details). Because of program limitations, item response categories were collapsed to a maximum of 5, including a "Don't Know" category, by combining "always" and "usually" categories for the questions about parents and teachers, and by combining "rarely" and "never" categories for the question concerning strangers. Only results under a 2-class model were considered: since the standard LCA model does not allow for correlated measurement errors, such as will arise with consecutive questions about topics such as confusion during childhood, we would expect to find additional "nuisance" classes by estimating 3 or more classes, but these would not be relevant to the task of classifying twin pairs as monozygotic versus dizygotic. Predicted probabilities of class membership associated with every observed profile of responses to the zygosity questions were output from LCAP. Most likely class membership was then compared to the best estimate zygosity assignment made by one of us (ACH) on the basis of a review of the same item responses. Also computed using LCAP were the conditional probabilities that a respondent was from Class I (the probable monozygotic pairs) associated with every response option.
Results
Zygosity item endorsement probabilities for the entire sample of twins from like-sex pairs, and weighted kappa estimates of twin pair agreement for these items, are shown in Table 1 . Twin pair agreement was highest for the summary question about perceived zygosity (kappa = 0.80) and for binary items about physical resemblance and being as like as two peas in a pod (kappas = 0.77-0.81), lower for multiple category items about confusion by strangers and teachers (kappas = 0.6--0.64), and lowest for confusion by parents (kappa = 0.44). Fitting a 2-class latent class model identified classes that could be identified as probable MZ twins (57.3% of the sample: Class I in Table 1 ) and probable DZ twins (42.7% of the sample: Class II in Table 1 ). (Since we do not use genotypic data for the entire sample, we shall refer to probable MZ and probable DZ throughout, recognizing that questionnaire responses cannot definitively establish zygosity). Columns 2 and 3 in Table 1 maximum-likelihood class-specific item endorsement probability estimates obtained under this 2-class model. Those assigned as probable MZ twins had high probability of reporting that they and their co-twin were as like as "two peas in a pod" (.92), and had similar eye color, complexion and hair color (.97-.99). These latter physical resemblance items, however, were not estimated at 100% probability, suggesting that there may be some reporting error for these physical similarity questions. Those assigned as probable MZ twins also had a high probability of reporting that they were definitely or probably MZ (.89). Those assigned as probable DZ twins had high probability of reporting that their parents never had difficulty telling them apart (.95), that they were only of family likeness rather than like two peas in a pod (.96), and that they were definitely DZ (.88).
The fourth column in Table 1 shows the conditional probability for a given response option that the respondent is from Class I (i.e., probable monozygotic), derived from the two-class solution. Thus, while a relatively small proportion of the overall sample reported that their parents always, usually or sometimes had difficulty telling them apart, those who did endorse these items had high probability of being assigned as probable monozygotic (.97-.99). Other response categories associated with a better than 90% probability of being assigned as probable monozygotic were reporting that parents rarely (rather than never) had difficulty telling them apart; that teachers or strangers usually or always had difficulty telling them apart; that they were as like as "two peas in a pod"; or that they were definitely or probably MZ. Response categories associated with a high probability of being assigned as probable dizygotic (shown as a low probability of being assigned as monozygotic in column 4) were reporting that teachers never had difficulty telling them apart (.98), that strangers rarely or never had difficulty telling them apart (.99), that they were only of normal family likeness (.91), had differences in eye color, complexion or hair color (.96-.98), and were definitely DZ (.92). Respondents who responded "Don't Know" to questions about being mistaken for their cotwin , and about their zygosity, had relatively high probability of being assigned as monozygotic (.72-1.00). However, since these Don't Know responses were rare (1-6 cases), this cannot be considered a reliable finding.
A relatively high proportion of respondents were assigned to one class or the other with very high probability (results not shown). Thus 86.7% were assigned with probability greater than or equal to 0.9999 (36.7% as DZ, 50.2% as MZ); 96.7% with probability greater than or equal to .95 (40.9% as DZ, 55.8% as MZ); and 98.3% with probability greater than .80. Using the most stringent criterion of p > 0.9999, there were only 7 pairs who received inconsistent zygosity assignments (i.e. the two twins received different zygosity assignments) by latent class algorithm (0.5% of the total number of pairs); using the broader criterion of p > 0.95, this total increased to 40 pairs with inconsistent zygosity assignments (2.1%). Using the former criterion, if one twin was assigned as MZ with p > 0.9999, there was 99.0% probability that the co-twin would also be assigned as probable MZ with p > 0.5, while if the twin was assigned as DZ, there was a 97.1% probability that the co-twin would also be assigned as DZ with p > 0.5. Using the latter criterion, if one twin was assigned as MZ with p > 0.95, there was a 97.6% probability that the co-twin would also be assigned as probable MZ with p > 0.5, with a corresponding probability of 96.0% if the twin was assigned as DZ that the co-twin would also be assigned as probable DZ.
A very high level of agreement was obtained between best-estimate zygosity diagnosis, and LCA-assigned zygosity. Out of a total of 1127 complete pairs classified as MZ by best-estimate diagnosis, there were only 2 pairs (one male and one female like-sex: 0.2%) where the latent class analysis independently assigned the two twins from the pair as dizygotic; and, on review, it was seen that these 2 pairs indeed should have been classified as DZ. There were an additional 26 pairs (2.2%) where the two twins received discrepant zygosity assignments by LCA. Out of 906 pairs classified as DZ by best-estimate diagnosis, there were 10 (6 male like-sex, 4 female like-sex) that were assigned as MZ by LCA algorithm. In 3 of these cases (1 male like-sex, 2 female like-sex) the original best estimate diagnosis was found to be apparently erroneous, with the remaining 7 cases needing to be clarified by genotyping. There were an additional 63 pairs classified as DZ where the two twins received discrepant zygosity assignment by LCA.
There were 121 pairs (242 twins) where zygosity had been definitively established by genotyping. Only a single twin received a zygosity assignment by LCA algorithm that was inconsistent with the assignment made from the genotypic data. That individual was from a pair which had discrepant LCA assignments (which would therefore have been flagged for follow-up genotyping). The discrepant individual gave zygosity questionnaire responses that led to his assignment as monozygotic with probability 76%; the co-twin was assigned by LCA as dizygotic (the true zygosity of the twin pair) with probability 100%.
Discussion
In the absence of genotypic data for zygosity assessment, a zygosity diagnosis algorithm derived by fitting a 2-class latent class model has a number of attractions. Much discussion of zygosity diagnosis has considered data from two twin informants. For many profiles of responses to zygosity questions; however, zygosity can be assigned with relatively high probability (better than 95%, and in many cases better than 99%) based on the responses of a single twin. Thus, using data from the young adult cohort of the Australian twin panel, we have found that for response profiles associated with better than a .9999 probability of being a "probable MZ" twin, there is a 99% probability that the co-twin will give responses that confirm the assignment as MZ, and even for response profiles associated with higher than .95 probability of being from a probable MZ twin, there is a 97.6% probability that the co-twin responses would confirm this assignment. For studies which have a specific focus which requires oversampling one zygosity type (e.g., dizygotic pairs for an affected sib pair linkage study; or discordant MZ pairs for a risk-factor study), the ability to eliminate many newly ascertained pairs on the basis of the responses of a single twin will produce an important gain in efficiency.
In traditional studies comparing MZ and DZ pairs, the identification of pairs where zygosity assignment by LCA is uncertain (e.g., less than 95%), or discrepant between the two twins, will allow more efficient targeting of resources for detailed review of responses to zygosity questions and for genotyping where necessary of these latter pairs. Where such uncertainty cannot be resolved, weighted analyses that include some pairs as MZ with probability x and DZ with probability (1-x), where x is the estimated probability of being monozygotic, could also be conducted. Because the latent class model is probabilistic, it can also handle reporting errors (e.g., MZ pairs who report differences in physical appearance based on perceived slight differences in hair color or other features) and environmentally determined differences in appearance (e.g., the twin who reported that strangers never had difficulty distinguishing him from his MZ co-twin, but who only later clarified that he had a limb amputated in early childhood). Finally, quantification of the probability of monozygosity using questionnaire data will be of value even when genotypic data are available, because of the risk of laboratory errors. Whenever a twin pair is assigned as monozygotic based on genotypic data, but is assigned with high probability as dizygotic by latent class algorithm, the possibility that a blood or other sample from a single respondent has been duplicated under the co-twin's respondent number must be considered, and a second set of samples obtained where possible.
The latent class analyses that we have described here are easily implemented using software that is freely available (e.g., in the case of LCAP (Neuman et al., 1999) from http://hardy.wustl.edu). Once a latent class model has been fitted, the class membership probabilities and class-specific item endorsement probabilities that have been estimated can be used to generate zygosity class assignment probabilities for new data, including new profiles of responses to zygosity questions. Programs for this purpose also already exist. The validity of LCA-based assignment of zygosity must ultimately be confirmed by genotypic data. However, the high degree of concordance that we observed with traditional methods suggests that such validity will indeed be confirmed. Detailed review of responses to zygosity questions, and in many cases genotypic data, will also be needed to clarify those relatively rare pairs receiving inconsistent zygosity assignments. (A constrained version of the model that we have fitted here, jointly analyzing data from both twin informants, can also be used for this purpose, but is beyond the scope of this paper). The LCA approach that we have reviewed here is not without limitations. For example, since it does not allow for correlated measurement errors, it may misclassify pairs in rare cases (e.g., a block of items have been accidentally reverse coded for a respondent) where an expert diag nostician would not. Nonetheless, the analyses that we have presented strongly suggest that the probabilistic approach to zygosity diagnosis advocated here will prove to be of greater utility than more traditional approaches using questionnaire data.
